We theoretically investigate a twist-related speckle variation in a graded-index multimode fiber. The simulation results show that by increasing the offset splicing distance between a single-mode fiber and a multimode fiber, the speckle pattern tends to be more chaotic. Also, the fiber length is a crucial parameter that affects speckle distribution, and the speckle pattern varies periodically along the torsional-less multimode fiber. By exerting twist on a multimode fiber, the speckle pattern revolves. The rotational angle ascends linearly with a twist angle and this tendency is not affected by an offset distance and a fiber length. The theoretic results disclose a twist-related coupling in the graded-index multimode fiber, provide a novel twist sensing method and show potential application in a high-power laser and an imaging field.
Introduction
The advent of space-division multiplexing (SDM) technology has increased the usage of few mode fibers (FMFs) and multimode fibers (MMFs) where spatial electromagnetic distribution is regarded as a new kind of signal channel [1] . Driven by the development of SDM, spatial mode characteristics such as coupling, dispersion and nonlinear properties have been extensively investigated and utilized in communication, sensor and laser systems. Among them, MMF speckle, which is formed as a consequence of multimode interference and coupling, possesses many information to be excavated in its special intensity distribution.
Till now, many efforts have been put on the development of speckle-related technology both theoretically and experimentally. For instance, due to small size of optical fibers, MMF-based microendoscopes can penetrate into previously inexplorable regions with high resolution when it comes to image in vivo tissues and other neural activities [2] , [3] . MMF speckle pattern, which enjoys a low level of correlation as a function of wavelength, has proved to be effective in compressive sensing imaging [4] . Also, the wavelength dependent specklegrams show their potential in spectrometer, and the experimental results reveal that MMF spectrometer obtain high spatial resolution with low dissipation. By detecting the speckle patterns at the distal side of MMF, fiber specklegram sensor is realized [5] , and more information can be acquired through SDM technology [6] , [7] . Besides the applications in sensing and imaging field, the basic investigations in speckle pattern theory is blossoming. Many optimization algorithms are utilized in modal decomposition which is supposed to be feasible in future high power laser [8] . The effect of polarization states to speckle pattern [9] has been studied closely, rotational memory effect of MMFs has been testified in experiments [10] , and bending-related speckle variation was observed in several kinds of MMFs [11] . Despite various progresses have been made in recent years, many special properties of speckle pattern are still to be discovered in the future.
Twist is an indispensable effect in optical fiber application. It should be noted that a variety of fiber twist devices have been developed in the past few years [12] , [13] , with which orbital angular momentum modes could be generated as well [14] . However, the fundamental theory on twist coupling effects of step index multimode fibers (SI-MMFs) were only investigated in a few studies [15] , [16] , and twist-related speckle pattern variation has not yet been addressed. Thus, in order to perfect twist related application and give a more practical explanation to twist sensors, theoretically and experimentally studying the twist effects in MMFs is still necessary.
The rest of the paper is organized as follows: in Section 2, we theoretically analyze mode profile in graded index multimode fibers (GI-MMFs) and the method to decide the proportion of each mode constituent. Section 3 demonstrates the theory of twist-induced mode coupling and speckle patterns variation. We conclude the whole paper in Section 4.
Modes in GI-MMF and the Theory of an Offset Splicing Method
It has been reported that modal dispersion can be largely reduced in GI-MMF is chosen as signal transmission channel. Therefore, the group delay difference in GI-MMF is smaller than that in SI-MMF and mode coupling is viable when an external perturbation occurs. Fig. 1(a) is the schematic diagram of GI-MMF with its core refractive index performing the square law distribution:
where, = 0.018843 is the relative refractive index difference, R 1 is core radius and (x, y) represents a point in the Descartes coordinate system. Using finite element method software (COMSOL Multiphysics), we find that the GI-MMF totally supports 110 vector modes at the wavelength of 1550 nm. Considering the length of the paper, we only present the first 12 vector modes in Fig. 1 
(b)-(m).
The higher order modes (HOMs) in GI-MMF is disordered (see Fig. 1 (h)-(m)) comparing that in SI-MMF where mode distribution can be expressed in analytic solution. In the following study, the model field distributions are represented in the form of numerical solution rather than analytic solution. MMF speckle pattern, which is susceptible to external perturbation, is formed by the superposition of different eigenmodes. To excite those HOMs in MMF, the simplest way is to offset splice SMF with MMF [17] . Considering a SMF with core diameter 8 μm gets spliced with the aforementioned GI-MMF, the excitation ratio of the ν th mode is expressed as:
where, E i n and H i n are the fundamental mode electric and magnetic distribution in SMF, respectively, while E ν and H ν are the ν th mode electric and magnetic distribution in MMF. Since the center of MMF is the original point of Descartes coordinate system, we just need to move the relative distance of E i n and H i n to calculate offset splicing effect. In order to simplify the analysis, we assume the y-polarized fundamental mode in SMF is the input mode. Fig. 2 demonstrates the excitation ratio of each mode at the wavelength of 1550 nm at different offset distance (OSD). Obviously, not all the modes can be effectively excited by offset splicing method, and the number of excited HOMs increases with OSD. As these excited modes interfere with each other at the distal side, a speckle pattern forms:
here, I denotes the interference intensity at the distal side of the GI-MMF, L is the length of fiber and β ν is the propagating constant of the ν th mode. Fig. 3 shows the speckle patterns at OSD of 5 μm, 10 μm, 15 μm, 20 μm and 25 μm, and a fiber length L = 10 cm. These specklegrams indicate that the complexity of speckle pattern increases with OSD. As indicated in Fig. 2 , when the OSD is larger than 10 μm, few components of fundamental mode are excited, and the speckle pattern turns to be more chaotic and decentral.
Theoretical Analysis of Twist-Induced Mode Coupling and Speckle Variation During Twist Process
When a fiber is torsional, a perturbation of dielectric coefficient is contributed by shear stresses, and the tensor is defined as:
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Twist-Related Speckle Variation in GI-MMF where, g is an elasto-optic coefficient and its approximate value is 0.15, τ is fiber twist rate (the ratio between twist angle and fiber length), and n is refractive index profile. The non-zero terms in this tensor represent that twist can only realize the energy exchanging between transverse components and longitudinal components. The twist-induced coupling coefficient is evaluated by an overlap integral:
where μ and ν represent mode number, and ω is angular frequency of light. The evolution of mode amplitude A (an m-dimensional vector) along with the fiber axis is given by
where β = diag(β 1 , β 2 . . . , β m ) represents the propagating constant vector, and ξ, an m × m matrix, derives from Eq. (5).
Assuming that a π rad twist angle is exerted on the 10 cm long fiber, We calculated twist-induced coupling coefficients using Eq. (5), as illustrated in Fig. 4 . It is obvious that the coupling between the degenerated modes still takes up the majority, as shown by diagonal elements, just like what it was in SI-MMF [16] . Whereas, when the difference between two propagating constants is large, the condition where two different non-degenerate modes couple with each other at specific fiber length is difficult to be satisfied.
For the purpose of researching speckle variation during twist process, we calculate the autocorrelation coefficient (ψ) under different twist angle (α), which reads
By removing the direct current component in interference intensity in Eq. (3), we can obtain i in Eq. (7), and the subscript indicates the twist angle. In this way, background light is removed and a reducing autocorrelation value of two different specklegrams is obtained. Fig. 5 demonstrates calculated autocorrelation coefficient of specklegrams under different OSD as a function of twist angle, when the fiber length is 10 cm. The autocorrelation function shows a decreasing tendency with the increment of twist angle. Moreover, since a larger OSD contributes to a more complex speckle pattern, the overall autocorrelation function tends to go down with OSD increasing.
The evolution of speckle pattern when the OSD is 20 μm during torsional process (twist angle: 0°∼360°) is illustrated in online video material Visualization 1. The speckle pattern rotates as the fiber is twisted. Although the speckle pattern takes on a variation of its shape in the process of twist, the variation extent is minor. That is to say, twist-related coupling mainly contributes to the energy exchanging between the degenerate modes, and the coupling between the non-degenerate modes is so weak that it can be ignored. This results agree well with the aforementioned analysis.
However, as illustrated in Visualization 1, the rotation angle of the speckle pattern does not equal to twist angle. Using cross-correlation algorithm, we can establish the relationship between rotation angle and twist angle, which is depicted in Fig. 6 . The rotation angle of speckle pattern rises up linearly with twist angle, and OSD shows little impact on the slope.
When the OSD is fixed at 20 μm, Fig. 7 demonstrates self-correlation coefficient as a function of twist angle under different fiber length. Note that the fiber length doesn't present an explicit tendency toward twist-related autocorrelation function. To explain that, we increment the torsional-less fiber length from 0 to 2 mm with an interval of 50 μm, and calculate the speckle distribution after each incremental. The evolution process is indicated in an online video material Visualization 2. As fiber length increases, the speckle pattern varies significantly and periodically. Therefore, twist-related autocorrelation coefficient is influenced by fiber length. Fig. 8 performs the rotation angle of speckle pattern under different fiber length versus twist angle exerted on GI-MMF, when the OSD is 20 μm. Comparing with Fig. 6 , We find that the linear increasing trend and the relative rotation angle in these two conditions are very similar. That is to say, the OSD and fiber length have little effect on the twist-related rotation angle of speckle pattern. That means the twist angle exerted on GI-MMF dominates the variation of the rotation angle. In order to understand this interesting phenomenon, we have to pay attention to Eq. (4)- (6) . When a fiber is torsional, the dielectric coefficient variation (see Eq. (4)) is largely affected by twist rate. Then, we solve Eq. (6) using Runge-Kutta methods, the total fiber length is re-considered. From these two steps, the final speckle profile is only manipulated by twist angle. Moreover, due to the effect of elasto-optic coefficient g in Eq. (4). The rotation angle of speckle pattern doesn't equal to twist angle. Since this linear variation trend, twist-related speckle pattern shows a potential in sensing mechanical torsion.
To verify the relationship between rotation angle of speckle pattern and twist angle exerted on GI-MMF in the experiment, we also give an experimental proof. Fig. 9(a) is the schematic diagram of our twist experiment. Tunable laser (TL) outputs polarized laser at the wavelength of 1550 nm. After passing through the 15 μm offset splicing point between SMF and GI-MMF, light couples into a 10 cm long GI-MMF. An infrared CCD is set to capture the speckle pattern at the distal side when different torsional angle is exerted on GI-MMF. The speckle pattern variation is illustrated in online video material Visualization 3. What is different from the simulation result is that the experimental speckle pattern changes dramatically, but the rotation trend is still obvious. From ref [16] , we know that if several perturbations including twist interact together, the coupling matrix reads
where R(α) is a twist angle related vector, and ζis a coupling coefficient vector except twist. Because of other effects like bending or longitudinal stress in the experiment, the coupling between nondegenerate modes is possible, which attributes the main reason for the variation of speckle shape. Fig. 9 (b) depicts the autocorrelation coefficient as a function of twist angle. The autocorrelation coefficient takes on a decreasing trend, but unlike what is depicted in theoretical analysis, the experimental autocorrelation function varies drastically, which is a reflection of non-degenerate modes coupling in experiment. The shift of speckle pattern is such substantial that the rotation angle is hard to be recognized during twist. However, if we only take two successive specklegrams into consideration (in our experiment, the twist angle step is 10°), the speckle patterns are very similar and only shows up a slight rotation. Adapting mutual correlation algorithm, we can derive the experimental relationship between the rotation angle of speckle pattern and twist angle exerted on fiber as shown in Fig. 10 . The rotation angle goes up linearly with twist angle, just like what it is in simulation.
